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I. Introduct ion 
Research i n  Mater ia l s  Science and So l id  S t a t e  Physics 
and Chemistry a t  R i c e  Universi ty  has been supported during t h e  
p a s t  e i g h t  and one-half years p r i n c i p a l l y  by Nat ional  Aeronautics 
and Space Adminis t ra t ion Grant NsG-6-59. 
have been t h e  following: 
The goa ls  of t h e  g ran t  
1.) To promote t h e  growth and maturation of s i g n i f i c a n t  
research  i n  so l id  mater ia l s .  Both b a s i c  and appl ied  
w o r k  has  been supported. The d i s t r i b u t i o n  of funds 
i s  being made t o  those p r o j e c t s  wh ich  appear t o  be  
m o s t  r e l evan t  t o  t h e  ob jec t ives  of NASA i n  t h e  f i e l d  
of s o l i d  ma te r i a l s .  
2 . )  To  i nc rease  t h e  competence of s tuden t s  and s t a f f  i n  
t h e  a rea  of s o l i d  mater ia l s  and t o  prepare Ph.D. 
s tuden t s  t o  assume responsible '  p o s i t i o n s  i n  mates i a l s  
research  and development following t h e i r  graduat ion.  
3 . )  To inc rease  i n t e r d i s c i p l i n a r y  cooperation i n  f i e l d s  
r e l a t e d  t o  so l id s  so t h a t  s tuden t s  and s t a f f  may 
a t t a i n  a broad competence in s t ead  0 f . a  narrow 
s p e c i a l i z a t i o n .  
To achieve t h e  above goals ,  funds f r o m  t h i s  g ran t  have 
been used t o  support  research i n  a r e a s  involving workers from 
s i x  Univers i ty  departments. 
during t h i s  r epor t ing  period t h e  accomplishments l i s t e d  below 
A s  a consequence of t h i s  suppor t ,  
w e r e  made poss ib l e .  
1.) The program involved 16 f a c u l t y  members, 2 8  graduate  
s tuden t s  and 6 post-doctoral  fe l lows.  The important 
research  r e s u l t s  obkained by t h e s e  workers a r e  
descr ibed i n  Section 11. A t o t a l  of  2 1  pub l i ca t ion  
re ferences  a r e  given i n  Appendix I.  
2 . )  The seminar program i n  s o l i d  ma te r i a l s  organized 
l a s t  year  f o r  f a c u l t y  and graduate  s tuden t s  has been 
continued. The second year  program (descr ibed b e l o w )  
w a s  m o r e  successfu l  than  t h e  f i r s t  year  one. 
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3 . )  
4.)  
The 
A new course sequence i n  t h e  p h y s i c  of solids has been 
developed. This i s  an i n t e r d i s c i p l i n a r y  sequence 
(described below) and g ives  t h e  graduate  s tuden t s  
working i n  s o l i d  mater ia l s  a broad and f i rm foundation 
for  t h e i r  work. 
I n t  
of 
u t i  
. e r d i s c i p l i n a r y  cooperation i s  s t r o n g  a s  a r e s u l t  
t h e  a s soc ia t ions  made p o s s i b l e  by increased 
. l i z a t i o n  of t h e  Space Science b u i l d i n g  for  
work on ma te r i a l s .  Workers f r o m  fou r  of t h e  s i x  
Univers i ty  departments involved i n  ma te r i a l s  research  
have space t h e r e .  
number of workers and l e v e l  of pub l i ca t ion  i s  somewhat 
less than l i s t e d  i n  t h e  previous r e p o r t .  T h i s i s  p r imar i ly  due 
t o  t h e  lower support  l e v e l  ($200,00O/year) during t h e  c u r r e n t  
g r a n t  year .  
The research  r e p o r t  given i n  Sec t ion  I1 is a cont inua t ion  
of t h e  format i n i t i a t e d  w i t h  t h e  l a s t  t w o  progress  r e p o r t s .  
The research work on solids has been divided i n t o  f i v e  a r e a s ,  
and a s t a t u s  r epor t  w r i t t e n  f o r  each one by a s i n g l e  s t a f f  
member i n  t h a t  a r ea .  These  repor t s  a r e  w r i t t e n  so t h a t  they 
may be of  g r e a t e r  i n t e r e s t  and use t o  t h e  knowledgeable non- 
s p e c i a l i s t .  They at tempt  t o  p l ace  our  w o r k  i n  pe r spec t ive  and 
s h o w  how it might c o n t r i b u t e  t o  a g r e a t e r  understanding and 
u t i l i z a t i o n  of so l id  mater ia l s .  These ‘reports  a r e  s t i l l  f a r  
from p e r f e c t ,  and our  e f f o r t s  t o  improve them w i l l  cont inue.  
The i n t e r d i s c i p l i n a r y  Sol id  S t a t e  and Mate r i a l s  Science 
seminar i n s t i t u t e d  l a s t  year  was continued. T h i s  was a weekly 
seminar whose p a r t i c i p a n t s  represented a l l  a r e a s  of  research  
i n  ma te r i a l s  science.  I n  addi t ion  t o  t h e  s t a f f  and graduate  
s t u d e n t s ,  some ou t s ide  speakers w e r e  presented.  The t o p i c s  of 
t h e  i n i t i a l  seminars w e r e :  
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c 
1.) A S t a t i s t i c a l  Model of a Ternary So l id  Solu t ion  
2 . )  T i m e  Dependence of  t h e  Order Parameter i n  Dir ty  
Superconductors 
3 .  ) Thermodynamics of Nonlinear So l ids  
4 . )  P a r a e l e c t r i c i t y :  Resonance, Relaxation and Related 
Phenomena 
T h i s  series has proved t o  be of g r e a t  importance i n  s t imu la t ing  
i n t e r a c t i o n  between t h e  various research a reas :  e f f o r t s  t o  
improve it w i l l  cont inue.  
A new i n t e r d i s c i p l i n a r y  sequence of  b a s i c  courses  i n  t h e  
s o l i d  s t a t e  i s  now i n  i t s  f i r s t  year  of  opera t ion .  Although 
not  a new idea by any means, i t s  i n s t i t u t i o n  a t  R i c e  i s  new, 
and a depar ture  from p a s t  pa t t e rns .  The sequence was made 
poss ib l e  by t h e  cooperat ion t h a t  r e s u l t e d  from t h e  NASA supported 
Mater ia l s  Science program. Descr ipt ions of  t h e  f i v e  courses 
a r e  given b e l o w .  
1.) 563 - In t roduct ion  t o  t h e  S o l i d - s t a t e  
T h i s  course w i l l  provide an in t roduc t ion  t o  t h e  
fundamental concepts about c r y s t a l l i n e  s o l i d s ,  and provide 
t h e  b a s i c  p repa ra t ion  f o r  f u r t h e r  courses  i n  t h e  sequence 
564-567. I t  w i l l  cons i s t  of t h e  following: a b r i e f  
review of Quantum Mechanics and S t a t i s t i c a l  Mechanics, 
a d i scuss ion  of c r y s t a l  s t r u c t u r e ,  a s tudy  of t h e  d i f f r a c -  
t i o n  of waves by l a t t i c e s  and an in t roduc t ion  t o  t h e  concept 
of t h e  r ec ip roca l  l a t t i c e ,  c l a s s i c a l  and quantum-mechanical 
desc r ip t ions  of l a t t i c e  v i b r a t i o n s  and t h e  thermal p r o p e r t i e s  
of i n s u l a t o r s ,  and t h e  p rope r t i e s  of  e l e c t r o n s  i n  s o l i d s  
including f ree-e lec t ron  and band- theore t ica l  approaches. 
P re requ i s i t e s :  An in t roductory  background i n  wave 
mechanics and s t a t i s t i c a l  mechanics, and concurrent 
enrollment i n  a graduate l e v e l  quantum mechanics course is 
assumed. 
D r .  E s t l e  
Professor  of Physics 
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2 . )  564 - Electron Transport and Superconductivity 
c 
This course is one of the introductory graduate 
level courses on the solid state that follow 563.  It 
will consider various aspects of electron transport, 
primarily from a microscopic viewpoint. Among topics 
to be covered will be various contributions to electron 
scattering and some techniques for measuring the Fermi 
Surface. In addition, an introduction to superconductivity 
will be presented. Prerequisite: 563 or equivalent. 
Dr. Rudee, Assistant Professor 
of Materials Science 
3.) 565 - Dielectric and Optical Properties of Matter 
This course is one of the introductory graduate 
level courses on the solid state that follow 563 .  Topics 
included are: polarization and the static model of 
a dielectric medium in an electric field; extension of 
the above model to the dynamic case and dielectric 
dispersion in solids; Raman and Brillouin scattering; 
optical spectra of solids; stimulated effects with 
applications to lasers; the dynamics of the nonlinear 
interactions between radiation and matter. 
Prerequisite: 563 or equivalent. 
Dr. Rabson, Associate Professor 
of Electrical Engineering 
4.)  566  - Imperfections and Mechanical Properties 
This course is one of the introductory graduate 
level courses on the solid state that follow 563. Point 
defects in crystals, geometrical descriptinn of dislocations 
and the mathematical theory of lattice imperfections will 
be discussed. Non-thermal generation of point defects, 
physical observation of defects in crystals and special 
properties of lattice imperfections in metallic, ionic 
and homopolar crystals will be covered. How lattice 
imperfections in ionic, metallic and homopolar crystals 
affect certain physical properties of these crystals 
will be developed. The effects of lattice defects, 
particularly dislocations, upon the mechanical properties 
of crystals will be discussed. Prerequisite: 563 or 
equivalent. 
Drs. Roberts, Associate Professor 
Materials Science & 
Estle, Professor of Physics 
A! 
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5.) 567 - Magnetism and Magnetic Resonance 
. 
This course is one of the introductory graduate 
level courses on the solid state that follow 5 6 3 .  The 
basis of the magnetic properties of solids will be 
discussed. This will includediamagnetism, paramagnetism, 
ferromagnetism, antiferromagnetism, and ferrimagnetism. 
The phenomenon of magnetic resonance will be studied. 
This will include nuclear magnetic resonance, electron 
paramagnetic resonance, and ferromagnetic resonance. 
The emphasis will be on the atomic origin of magnetism 
and on a description of the elementary excitations of 
ordered magnetic materials. Prerequisite: 563 or 
equivalent. 
Dr. Estle, Professor of Physics 
A financial statement covering the period of this 
report is given in Appendix 11. 
A. Defect Structure and Mechanical Properties - F. R. Brotzen 
Staff: F. R. Brotzen - Professor Materials Science 
T. L.  Esrie - Professor of Physics 
J. D. Ingram - Assistant Professor Mechanical Engineering 
J. M. Roberts - Associate Professor of Materials Science 
N. Soga - Assistant Professor of Space Science and 
Mechanical Engineering 
Most investigations of defect structures and mechanical 
properties of solid materials carried out in the past under the 
sponsorship of this grant emphasized the study of lattice defects 
in metals and the relations between these defects and mechanical 
properties. Recently, however, through the addition of new 
projects a broader base for the research in this area has been 
found. As some of the investigators continue to study the 
relation between lattice defects and mechanical properties, 
others are concerned primarily with the description of isolated 
point defects in non-metallic crystals. Other researchers, 
in turn, approach the question of mechanical properties from a 
i, 
fundamental microscopic point of view. The pursuit of studies in 
these related fields by persons with varying backgrounds and 
diverse immediate aims is not only stimulating, but also promises 
to be especially fruitful as close cooperation between different 
investigators develops. 
Microscopic studies of mechanical properties are conducted 
both theoretically and experimentally. 
1. Waves in Non-Linear Materials. 
The objective of this theoretical project is to establish, 
through analysis of wave propigation data, the relations 
between non-linear phenomenological coefficients in the 
macroscopic theory of the response of materials. It has 
been possible to develop a method for the conversion of 
the non-linear partial differential equation of the form 
2 2 au+- E a u a u  - -  a u  
ax 2 ax ax 2 - 2  
to an integral equation which is soluble by iteration 
techniques. The method used consists of a combination of 
Laplace and Fourier transform methods with the theory of 
generalized functions. An analogous method is now being 
used on the non-linear partial differential equations of 
elasticity. This procedure places all of the coupling between 
compressional and shear motion in the integral terms and 
will provide an immediate analysis of the non-linear effects. 
The method described above will be applied to various specific 
forms of constitutive equations and compared with experimental 
data. 
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2.  Sound-Wave Velocities and Elastic Constants of Solids. 
The aim of this program is to determine the sound wave 
velocities and elastic constants of inorganic compounds 
at high pressures and l o w  temperatures and thereby to obtain 
their equations of state. Construction of an ultrasonic- 
interferometer system for measuring sound-wave velocities 
of solids and of a 2 kilobar nitrogen compression system 
was begun when this project started in May, 1967. This 
system was completed in October, 1967, with the partial 
aid of the NASA Sustaining Grant NGR 44-006-033. 
was carried out to determine the behavior of sound velocities 
of a-quartz under varying pressures and temperatures. 
Analysis of the data shows that the shear velocity behaves 
anomalously with pressure. A working hypotheses to 
explain this observation considers a pressure-induced shear 
instability, which occurs before actual phase transformation 
takes place. This hypotheses can be checked by measurements 
on other compounds. In addition to their fundamental 
interest, the pressure and temperature derivatives of the 
sound velocities of quartz are also important for the study 
of the interior of the earth, because silicon dioxide is 
one of the major constituents of the earth's crust and mantle. 
Measurements of elastic constants of calcium oxide and beryllium 
oxide under pressure will be undertaken in the near future. 
A study 
The study of imperfections in the lattice of metallic crystals is 
of particular importance because mechanical properties are directly 
relatable to the defect structures. Several projects are presently 
underway that center about the study of this relationship: 




I t  i s  t h e  purpose of t h i s  program t o  s tudy  t h e  effect  of 
e x t e r n a l  v a r i a b l e s ,  such as temperature,  stress, s t r a i n ,  
s t r a i n  r a t e ,  and impurity conten t  on t h e  motion and d i s t r i b u t i o n  
of d i s l o c a t i o n s  i n  body-centered cubic  c r y s t a l s ,  notably i n  
molybdenum. 
possessing a body-centered cubic  s t r u c t u r e  are highly 
I t  is  w e l l  known t h a t  m e t a l s  and a l l o y s  
temperature and s t r a i n - r a t e  s e n s i t i v e  as f a r  as t h e i r  
s t r e n g t h  and d u c t i l i t y  a r e  concerned. 
of t h e  mechanisms t h a t  unde r l i e  p l a s t i c  deformation i n  
A basic understanding 
t h e s e  ma te r i a l s  i s  of p a r t i c u l a r  importance because some 
of t h e  most important m e t a l l i c  s t r u c t u r a l  ma te r i a l s ,  such 
as s teel ,  have a body-centered cubic  s t r u c t u r e .  The p resen t  
phase of t h i s  i nves t iga t ion  c e n t e r s  about t h e  p r o p e r t i e s  
of molybdenum which also c r y s t a l l i z e s  i n  t h e  body-centered 
cubic  system and which can be produced i n  s ing le -c rys t a l  
form with a high degree of p u r i t y .  
t h e  past  s i x  months was  devoted t o  a s tudy of molybdenum- 
Most of t h e  work during 
rhenium a l l o y s ,  s i n c e  it i s  known t h a t  t h e  add i t ion  of 
rhenium changes d r a s t i c a l l y  t h e  p las t ic  behavior of pure 
molybdenum. I t  has been suggested t h a t  add i t ions  of 
"i 
rhenium change t h e  s tacking  f a u l t  energy. T h i s ,  i n  t u r n ,  
produces an a l t e r a t i o n  of t h e  atomic arrangements w i th in  
d i s l o c a t i o n s  ( t h e  defec t  t h a t  produces p las t ic  deformation).  
Since t h e  add i t ion  of rhenium t o  molybdenum a l s o  changes t h e  
e l e c t r o n i c  s t r u c t u r e ,  t h i s  phase of t h e  program promises 
t o  con t r ibu te  t o  t h e  general  knowledge of t h e  r e l a t i o n  
between a l loy ing  theory and deformation mechanisms. 
it i s  conceivable t h a t  t h e  add i t ion  of rhenium t o  molybdenum 




elastic constants, a study of the latter was begun. The 
adiabatic elastic constants of molybdenum, as well as alloys 
containing 8, 15, and 25 at. % rhenium, were determined 
over a temperature range from 78OK to about 400°K. 
Material of the desired nominal compositions was obtained 
in the sintered condition from the Chase Brass Company. 
bars were subsequently hot swaged into %'' and 1/8" rounds. 
Since it was desirable to make the determination of the 
elastic constants in bars of % I '  diameter, special equipment 
for growing single crystals had to be designed and built. 
Measurement of the elastic constants requires a preliminary 
investigation of the thermal expansion coefficients. After 
this was completed, the adiabatic elastic constants of 
the three alloys were determined as a function of temperature 
by the pulse-echo method. The ultrasonic interferometer 
system described in (2) above was used successfully in 
The 
determining the constants of 1 1 -  - -- 1 - L ^7 ----- Lilt: lllU I ~ ~ u t 2 l I L l I L L -  rheniuiil 
alloys. 
increases substantially with the addition of rhenium to the 
molybdenum. The same is true for the elastic constant 
The results reveal that the elastic constant c44 
c12. 
is not elastically isotropic in the pure condition, becomes 
an isotropic material at approximately 27% rhenium. 
It is interesting to note that molybdenum, which 
4. Microstrain, Microcreep, and Amplitude-Dependent Dislocation 
Damping in Metal Crystals. 
The immediate objective of this research is to study how 
different statistical distribution functions of dislocation 
loop-lengths affect the amplitude-dependent internal friction 
1 
10 
and t o  c o r r e l a t e  t h e  r e s u l t s  w i t h  experimental  da t a .  
These s t u d i e s  of t h e  h y s t e r e s i s  loss due  t o  t h e  breakdown 
of a t t r a c t i v e  d i s l o c a t i o n  junc t ions  f o r  var ious  loop-length 
d i s t r i b u t i o n s  revealed t h a t  only t h e  Gaussian d i s t r i b u t i o n  
agrees  w i t h  t h e  d a t a  f o r  copper c r y s t a l s ,  and even here  
t h e  agreement is only f a i r .  Examination of t h e  Gaussian dis-  
t r i b u t i o n  over a w i d e  range of v a r i a b l e s  i s  now j u s t  being 
completed and i s  being pu t  i n  manuscript form. 
An examination of  t h e  b a s i c  r a t e  equation f o r  t h e  macre- 
scopic  s t r a i n  r a t e  i s  a l s o  being undertaken. A computer 
program has been formulated t o  analyze t h i s  equat ion.  The 
stress dependence of the var ious  parameters i n  the  equat ion 
a r e  inves t iga t ed  f o r  d i s loca t ions  i n t e r a c t i n g  w i t h  e i t h e r  
r i g i d  o r  nonrigid b a r r i e r s .  The experimental  program t o  
s tudy stress re l axa t ion  i n  tantalum and tantalum-rhenium 
s i n g l e  c r y s t a l s  has  proceeded t o  t h e  s t a g e  where about 100 
tantalum crystals have been made w i t h  an o r i e n t a t i o n  such 
t h a t  t h e  maximum resolved shear  stress i s  on a (110)- 111 
s l i p  system. The a l l o y  c r y s t a l s  a r e  a l s o  i n  prepara t ion  
and w i l l  be grown i n  theelectron-beam melt ing apparatus by 
a t t ach ing  a rhenium wire  t o  t h e  tantalum rod and melting 
them toge the r .  The rhenium content  has  been var ied  from 
2 . 5  t o  1 2 . 5  weight percent  by t h i s  technique i n  one beam 
pass .  For t h e  stress re l axa t ion  s tudy  of molybdenum s i n g l e  
c r y s t a l s ,  t h e  measurement of t h e  r a t i o  of (0 /o  ) a s  
a func t ion  of T i s  now almost complete. H e r e  o f  i s  
t h e  f l o w  stress and or  i s  t h e  completely relaxed stress 
a t  cons tan t  p l a s t i c  s t r a i n .  T h i s  r a t i o  should be approximately 
f r EP 
11. 
independent of temperature if ur is related to the 
structural stress T . If so, the results will yield 
an independent confirmation of the microcreep results of 
Herring, Brotzen, and Roberts. 
g 
5. The study of isolated point imperfections in nonmetallic 
crystals includes an extensive program concerned with 
spectroscopic studies of point imperfections. 
of this research project are to obtain detailed atomic-scale 
descriptions of isolated point imperfections in nonmetallic 
crystals and of their lower-energy states. In order to 
accomplish this, it is necessary to have numerous precise 
data of the sort which usually result from spectroscopic 
studies. This gives a quantum-mechanical picture of the lower- 
energy states from which one can infer much about the imper- 
fections with considerably higher reliability than is customary 
in most studies of imperfections and their properties. 
This project was begun June 1, 1967. The first phase was to 
use the microwave spectroscopic technique of paraelectric 
resonance to study electric dipoles in solids. There are 
several ways by which imperfections can have electric-dipole 
moments in crystals. One of these is for the imperfection 
to be an impurity molecule which itself has an electric 
dipole moment. Frequently these dipoles will find several 
orientations in the crystal which are otherwise equivalent 
and will occupy all of these orientations with equal probamity. 
Applying an electric field to the crystal causes the energies 
of the variously-oriented dipoles to differ. 
is low enough this should result in a net polarization of the 
The objectives 
If the temperature 
A 
12 
dipoles, provided that the time required for a dipole to change 
its orientation is short enough. 
controlled by a process in which the dipole absorbs sufficient 
energy from the thermal vibrations in the crystal so that it 
passes over the energy barrier separating the minimum-energy 
orientations. At low temperatures, no "transitinns" between 
the different orientations are possible for such a process and 
no polarization occurs. However, quantum mechanics allows 
the dipole to tunnel through the barrier so that for a sufficiently 
small barrier one may find that the "transitions" occur rapidly. 
Not only can this lead to large polarization at low temperatures 
and large electric fields, but it also leads to a completely 
new phenomenon: paraelectric resonance. Paraelectric resonance 
is the electric analog of paramagnetic resonance and results 
from electric dipole transitions between the states of the 
system arising from tunneling and the effect of the electric 
field on the different orientations of the dipole. 
plans include a detailed comparison of experiment to theory. 
This has not been done yet, and the theory has only appeared in 
small part in the literature. 
developed by Dr. Estle at Rice. A search will also be made for 
narrow resonance lines. Allresults reported to date are 
concerned with broad lines having a width comparable to the 
position. 
materials, since all research so far has been on KC1 and a few 
other alkali halides. Eventually, a study of the effects of 
uniaxial stress and of simultaneous paramagnetism will be 
carried out. 
explored. 
This time is frequently 
Future 
A complete theory has been 
The work will be carried out over a wide range of 
The possibilities of paraelastic resonance will be 
1 . 
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B .  E l e c t r i c a l  and Opt ica l  Proper t ies  - H .  E .  Rorschach 
c 
S t a f f :  L .  E .  Davis, Ass is tan t  Professor  of E l e c t r i c a l  Engineering 
R.  B.  McLellan, Ass is tan t  Professor  of Mechanical Engineering 
T .  A .  Rabson, A s s o c i a t e  Professor of E l e c t r i c a l  Engineering 
H.  E .  Rorschach, Professor of Physics 
M .  L .  Rudee, Ass is tan t  Professor  of Mater ia l s  Science 
G .  T .  Trammell, Professor of Physics 
Research on t h e  e l e c t r i c a l  p r o p e r t i e s  of mat te r  i s  of 
fundamental importance f o r  an understanding of t h e  e l e c t r o n i c  
s t r u c t u r e  of sol ids  and t h e i r  i n t e r a c t i o n  w i t h  e lectromagnet ic  
waves of a l l  f requencies .  T h i s  understanding, i n  t u r n ,  i s  neces- 
s a r y  t o  provide a foundation f o r  t h e  a p p l i c a t i o n  of s o l i d  s t a t e  
phenomena t o  new e l e c t r o n i c  devices.  I n v e s t i g a t o r s  i n  ma te r i a l s  
research  a t  R i c e  are studying t h e  e lectromagnet ic  p r o p e r t i e s  
of so l ids  a t  f requencies  from zero  ( s t a t i c  f i e l d s )  t o  those 
a s soc ia t ed  w i t h  Mdssbauer gamma rays .  
1. S t a t i c  Proper t ies  
Work by Professors  D e s s l e r  and Michel  i n  t h e  Space 
Science department and Rorschach and Trammel1 i n  t h e  Physics 
department on t h e  g r a v i t a t i o n a l l y  induced e lectr ic  f i e l d  
i n  metals has been completed and accepted f o r  pub l i ca t ion .  
T h i s  work has been t h e  center  of a controversy involving 
t h e  i n t e r p r e t a t i o n  of an experiment by F. Witteborn and 
W .  Fairbank a t  Stanford on t h e  "free f a l l "  of an e l e c t r o n .  
T o  measure t h e  inf luence of g r a v i t y  on a f r e e d e c t r o n  
r equ i r e s  c a r e f u l  sh ie ld ing  of  a l l  s t r a y  electric f i e l d s .  
A c a r e f u l  s tudy  of  t h e  e l e c t r i c  f i e l d  generated by 
g r a v i t y  a c t i n g  on t h e  s h i e l d  i t s e l f  i s  a l s o  requi red ,  
and t h i s  s tudy was i n i t i a t e d  by Sch i f f  and Barnh i l l  a t  
Stanford.  T h e i r  ca l cu la t ion  (published i n  t h e  Physical  
1 . 
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Review, 161, 1067, 1966) showed that an electric field 
of volts/meter would be produced near the shield, 
due to the "sagging" of the electrons in the shielding 
material. Their calculation neglected the influence of 
gravity on the positive ions in the material, and this 
omission was corrected in the work of the Rice group, 
who made a self-consistent calculation of the field due 
to the action of gravity on both the electrons and the 
positive ions in the shield. This calculation gives an 
electric field of 
to that of the field of Schiff and Barnhill. The Rice 
group has now received support for their results from other 
investigators and this work has stimulated a re-examination 
of the experiments, which had originally appeared to 
support the conclusions of Schiff and Barnhill. It now 
seems clear that a correct application of the principles 
of solid state physics predicts a field of the order of 
volts/meter in a direction opposite 
volts/meter; the considerably smaller field observed 
in the Stanford experiment requires some new feature, not 
included in any theory yet proposed. 
2. Microwave Properties 
Improved techniques for the production of electro- 
magnetic waves in the millimeter wave-length range are 
leading to increased use of these wave-lengths in spectro- 
scopy, prototype radars and communication systems. The 
development of nonreciprocal devices that is, devices such 
as circulators in which the wave is affected differently 
for different directions of propigation, is necessary if 
1 
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this wavelength range is to be useful. The suggestion has 
been made that a semi-conducting material of properly 
adjusted electron density would be a more useful nonreciprocal 
medium than ferrites in this frequency range. Some 
theoretical work has now been started at Rice to investigate 
the feasibility of such devices. Calculations have been 
made for a model consisting of a plasma subjected to a 
uniform magnetic field. The propagation of electromagnetic 
waves in this medium shows the required transition from 
reciprocal to nonreciprocal waves as the magnetic field 
and density are varied. 
to assess fully the value of semi-conductors as nonreciprocal 
media, since Fermi surface effects not present in the plasma 
will play an important role. 
Experimental work wiZl be needed 
3 .  Optical Properties 
Coherent optical sources (lasers) are becoming of 
increasing technical importance. 
the development of new information storage and presentation 
methods based on optical holography. Focused lasers are 
also finding use as high density energy sources for 
ionization of gases and solids. The properties of laser 
light are being studied by Professor Rabson. 
resolution techniques have been used to study the charact- 
eristics of the short-duration spikes that make up a 
burst of laser radiation. It had previously been thought 
that these burst were unpolarized. 
individual spikes at normal power levels showed that they 
They are essential in 
High time 
Examination of the 
a 
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were each fully polarized but uncorrelated in polarization 
with neighboring spikes. At low power levels, correlation 
between spikes appears, and the polarization is related 
to the crystalline axes of the laser rod. The influence 
of an external magnetic field is presently being investigated. 
Application of transverse fields as high as 28,000 Gauss 
is now possible, and studies of the influence of Zeeman 
splittings on the characteristics of the emitted light 
should give new insight on the polarization effects. 
facilitate interpretation of these experiments, a theoretical 
description of the polarization properties has been 
developed which makes use of the analogy between photons 
and massless spin-one particles. A density matrix represen- 
tation for this case is being applied to the problem of 
optical pumping in the presence of a magnetic field. 
To 
The high resolution techniques developed for polariza- 
tinn studies are now being extended to study the time 
coherence of radiation from various sources, including lasers. 
The use of a laser as a high density energy source 
is being investigated in connection with the analysis 
of surface composition by means of a mass spectrometer. 
The surface can be vaporized by a focused laser beam. An 
optical system has been developed to transmit the laser 
beam to a sample surface inside a mass spectrometer. 
The system will be used initially for a study of the 





4 .  Gamma Ray Proper t ies  
I 
Trans i t i ons  between low-lying nuc lear  s t a t e s  of 
long l i f e  a r e  responsible  f o r  t h e  emission and absorpt ion 
of gamma rays of sha rp  energy. I n  a d d i t i o n ,  i f  t h e  r e c o i l  
momentum i s  taken up by t h e  e n t i r e  c r y s t a l ,  t h e r e  w i l l  be 
no s h i f t  i n  t h e  frequency of t h e  emit ted r a d i a t i o n  
(Mdssbauer e f f e c t ) .  
has  become an important experimental  technique f o r  t h e  
s tudy of sol ids .  The chemical environment of t h e  resonant 
n u c l e i  and t h e  magnitude of l o c a l  magnetic f i e l d s  can be 
determined w i t h  t h i s  method. The use o f  MBssbauer gamma 
rays f o r  d i f f r a c t i o n  ( s c a t t e r i n g )  s t u d i e s  has received 
The u t i l i z a t i o n  of MBssbauer absorpt ion 
l i t t l e  a t t e n t i o n .  Professor T r a m m e l 1  has developed a 
quantum theory f o r  t h e  propagation and d i f f r a c t i o n  of 
these gamma rays which is now being published i n  a series 
of papers i n  t h e  Physical Review. The f i r s t  paper,  on t h e  
fundamental theory,  has appeared, and succeeding papers 
w i l l  d i s c u s s  t h e  app l i ca t ion  of  t h e  phenomenon of resonant 
s c a t t e r i n g  t o  s t r u c t u r e  determinat ions,  
Professors  McLellan and Rudee have been making use of 
t h e  p r o p e r t i e s  of MBssbauer r a d i a t i o n  t o  s tudy  t h e  
phonon spectrum of s o l i d  s o l u t i o n s .  A v i b r a t i n g  atom 
w i l l  e m i t  MBssbauer r ad ia t ion  s h i f t e d  i n  frequency because 
of t h e  r e l a t i v i s t i c  t i m e  d i l a t i o n  associated with i t s  
motion (2nd o rde r  Doppler s h i f t ) .  T h i s  frequency s h i f t  
f o r  t h e  i r o n  s o l u t e  nucleus can be r e l a t e d  t o  t h e  v i b r a t i o n a l  
frequency of t h e  mode assoc ia ted  wi th  t h a t  atom. S o l i d  
s o l u t i o n s  of i r o n  i n  platinum are p r e s e n t l y  being s tudied .  
. 
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Preliminary r e s u l t s  were u n s a t i s f a c t o r y  because of an inade- 
qua te  M6ssbauer d r i v e  mechanism. 
a high p rec i s ion  d r i v e .  
It  is  being replaced w i t h  
Professor  Trammell has a l s o  been s tudying  t h e  funda- 
mental theory of microscopy based on waves of short-wave- 
length  (gamma rays ,  neutrons,  e l e c t r o n s ) .  There  have been 
var ious proposals t o  examine s i n g l e  molecules by t h e  use of 
gamma ray  holography. Prof. T r a m m e l l  and h i s  s tuden t s  have 
shown t h a t  t h i s  idea  i s  worthless ,  s i n c e  t h e  c ros s  s e c t i o n  
f o r  t h e  production of  photo e l e c t r o n s  i s  so l a r g e  t h a t  
gamma-ray observat ion of t h e  molecule would des t roy  it. A 
s i m i l a r  r e s u l t  holds for  neutrons,  and e l e c t r o n  microscopy 
appears t o  be t h e  m o s t  promising method. The e las t ic  e lec t ron-  
atom cross s e c t i o n  i s  la rge  compared t o  t h e  i n e l a s t i c  cross- 
sec t ions .  Even h e r e ,  however, t h e r e  i s  a serious ques t ion  
t h a t  i s  p re sen t ly  being s tud ied  of w h e t h e r  o r  not  t h e  
r a d i a t i o n  damage w i l l  a l t e r  t h e  molecule. 
C .  Maqnetism andSuperconductivity - H.  E .  Rorschach 
S t a f f :  H .  C .  Bourne, Professor of E l e c t r i c a l  Engineering 
P .  L .  Donoho, Professor  of Physics 
W .  V. Houston, Professor of Physics 
H -  E.  Rorschach, Professor of Physics 
G.  T. Trammell, Professor of Physics 
Research i n  t h i s  f i e l d  i s  concerned with t h e  magnetic 
p r o p e r t i e s  of r a r e  e a r t h  metals and w i t h  t i m e  dependent and 
d i s s i p a t i v e  processes i n  superconductors. 
1. Magnetic Proper t ies  of t h e  Rare Ear th  Metals 
The magnetic p rope r t i e s  of t h e  r a re -ea r th  metals 
a r e  i n  many ways s t r i k i n g l y  d i f f e r e n t  from those  of t h e  
m o r e  common magnetic mater ia l s ,  such a s  t h e  elements of t h e  
. 
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iron group and their alloys. The principal reason for these 
differences lies in the fact that the rare-earth ions in a 
metal possess highly localized magnetic moments, in contrast W 
to the iron-group metals wherein the magnetic moments are 
carried by the conduction electrons and are therefore 
distributed throughout space much more uniformly than those 
of the rare earths. Because the magnetic moments of the rare- 
earth ions are highly localized, the magnetic properties of 
the metals are strongly dependent on the nature of the 
symmetry of the fields acting on the electrons of the rare- 
earth ions. For this reason, the magnetic properties are 
highly anisotropic, reflecting the hexagonal symmetry of the 
crystal. 
understood, but it certainly gives rise to highly anisotropic 
terms in the Hamiltonian of the crystal, and results, 
in the case of dysprosium and other elements, in strong 
preferential alignment of the magnetization. Furthermore, 
the localized nature of the f-electrons, which give rise 
to the magnetic properties, necessitates an indirect type 
of exchange interaction, which under certain circumstances 
gives rise to a very complicated arrangement of the magnetic 
moments of the individual ions. For example, peculiar 
antiferromagnetic helicoidal and cycloidal moment structures 
can occur in certain temperature ranges for nearly all the 
rare earths in the last half of the lanthanide series. 
The purpose of the work being carried out at Rice 
is to try to understand the excitations of the system of 
magnetic moments from their equilibrium state by studying 
the response of various quantities to stimulation by 




system. By adjusting the flow-rate of the helium gas and by 
using a sensitive temperature sensor together with a high-gain 
feedback-control system it is possible to obtain a regulated 
temperature within + - 20 millidegrees at any temperature within 
the desired range. 
describing the construction and operation of this cryostat, 
which represents a significant contribution to the field of 
microwave spectroscopy at variable temperatures in the 
cryogenic range. 
A paper is being prepared for publication 
The experimental measurements obtained to date have 
been of three main types, which are discussed separately in 
what follows. Although the results are not fully understood 
as yet, they represent the first reproducible microwave 
absorption measurements on dysprosium, and when interpreted 
by means of a theoretical analysis, they will undoubtedly 
shed light upon the nature of the desired properties, princi- 
pally upnn the nature of the magneto-elastic interaction. 
a. Non-resonant Absorption: 
There is a strong absorption dependent upon magnetic 
field strength and upon temperature. This absorption undergoes 
a rapid change with increasing magnetic field at a field 
value known as the critical field. This critical field is well 
known from other types of measurement, and is the value at 
which the field causes a collapse of the antiferromagnetic 
helicoidal spin structure into a ferromagnetic structure. An 
analysis of this absorption assuming an instantaneous response 
of the magnetic moments to a rapidly varying magnetic field 
is in good agreement with the results. However, this effect 
. . 
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does not reveal as yet a great deal about the properties of 
interest, although when the theory is refined somewhat, the 
role played by magnetoelastic interactions in this nonresonant 
absorption should become clear. Work on the theory is in 
progress. 
b. Resonant Critical Field Absorption: 
From the point of view of the theoretician, the strong 
resonant absorption observed at the critical field is of the 
greatest importance. This resonance was only discovered 
through a very careful search of the dependence of the 
absorption on the direction of the magnetic field. It is only 
found when the crystal is in the antiferromagnetic temperature 
range, and only when the field is aligned along what would be 
the direction of easy magnetization in the ferromagnetic 
range. Such a resonance was predicted earlier, but the 
prediction indicated that its dependence on magnetic field 
direction would be negligible. Obviously the anisotropy 
energy is playing a very important part here, and a theo- 
retical investigation is in progress to determine the resonant 
properties of the magnetic system taking anisotropy into 
account properly. The width of the resonance is governed 
by magnetoelastic properties, and the theory takes these 
properties into account also. 
c. Resonant Hexagonal-Anisotropy Absorption: 
In the ferromagnetic region, there is a strong anisotropy 
which keeps the magnetic moments aligned along the so-called 






This anisotropy is such that an applied magnetic 
the so-called hard direction of magnetization 
a situation in which a sort of ferromagnetic 
resonance can occur in the microwave frequency range. This 
resonance,which has been observed, should have two peaks. 
If one applies the accepted theory which predicts this 
resonance, it is possible to deduce the nature and magnitude 
of the so-called hexagonal-anisotropy energy. When this 
calculation is made, however, the results disagree strongly 
from those found by other accepted methods. It is felt 
that this disagreement is due in some way to the strong 
magnetoelastic interaction which distorts the crystal 
substantially from its normally hexagonal shape to an 
orthorhombic structure. Theoretical investigations are in 
progress to try to understand this problem. 
Future work in this area includes the development 
of the theory of microwave absorption in dysprosium to 
the degree necessary to explain the observed phenomena. 
The theoretical calculations require, however, the numerical 
solution of problems which involve the diagonalization of 26th 
order matrices, and the investigation right now is concerned 
with programming the calculations for a high-speed computer. 
Experimental work will include further studies of holmium, 
gadolinium, and terbium. Also, because of the enormous 
magnetostriction which these elements exhibit, work is in 
progress to construct a microwave ultrasonic transducer, 
which promises to have a higher efficiency than any presently 
known transducer by at least two orders of magnitude. 
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Professor  Trammel1 has been i n v e s t i g a t i n g  t h e  theory of 
magnetic order ing  i n  t h e  rare-ear th  metals. 
of t h e  r a r e  e a r t h  ions  i s  i n d i r e c t ,  being caused by t h e i r  d i rect  
coupling t o  t h e  conduction e l ec t rons .  
assumed t h a t  t h i s  coupling was nea r ly  i s o t r o p i c ;  i . e . ,  t h a t  t h e  
coupling w a s  dependent on the angle  between t h e  sp ins  of two 
ions ,  bu t  l a r g e l y  independent of t h e  angle  t h a t  t h e  s p i n s  made 
w i t h  t h e  l i n e  j o i n i n g  t h e  t w o  ions .  As repor ted  previous ly ,  
D r .  Specht a t  R i c e  made a t h e o r e t i c a l  i n v e s t i g a t i o n  which ind ica ted  
t h a t  there s h o u l d  be  a l a r g e  a n i s o t r o p i c  con t r ibu t ion  (of t h e  
order of 50%) t o  t h e  spin-spin coupling. D r .  Spech t ' s  paper 
has now appeared i n  t h e  Physical Review. 
of t h e  r a r e  e a r t h s  i s  a f i e l d  of g r e a t  c u r r e n t  i n t e r e s t  and 
a c t i v i t y ,  and s i n c e  t h e  spin-spin coupling i s  fundamental i n  
determining t h e  magnetic behavior of  m a t e r i a l s ,  these  t h e o r e t i c a l  
r e s u l t s  a r e  of considerable  interest .  I n e l a s t i c  neutron 
d i f f r a c t i o n  d a t a  on t h e  r a r e  e a r t h  metals  a r e  c u r r e n t l y  becoming 
a v a i l a b l e .  
magnitude of t h e s e  an iso t ropic  exchange e f f e c t s .  
The s p i n  coupling 
I t  had previous ly  been 
Inasmuch as  t h e  magnetism 
The a n a l y s i s  of t h e s e  d a t a  should determine t h e  
2 .  Superconductivity 
Theore t ica l  and experimental s t u d i e s  o f  t h e  d i s s i p a t i v e  
e f f e c t s  t h a t  can occur i n  the superconducting s t a t e  due t o  t h e  
t rapping ,  motion, and expulsion of magnetic f l u x  have been 
undertaken. The technological  i n t e r e s t  i n  t h i s  work i s  due t o  
ideas concerning t h e  p o s s i b i l i t y  of e f f i c i e n t  high energy 
t ransmission l i n e s  b u i l t  of superconductors car ry ing  high 
c u r r e n t s  a t  l o w  vo l tage  instead of t h e  p re sen t  high tens ion  
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t ransmission l i n e s .  I t  i s  a l so  of i n t e r e s t  i n  connection w i t h  t h e  
p re sen t  cons t ruc t ion  of superconducting l i n e a r  a c c e l e r a t o r s  t o  
reduce t h e  l a r g e  r e s i s t i v e  energy losses and t o  inc rease  
t h e i r  short  duty cyc le .  I t  i s  of i n t e r e s t ,  i n  p r i n c i p l e ,  i n  
i d e n t i f y i n g  t h e  energy losses which must  occur i n  t h e  var ious 
superconducting devices proposed for e lectr ic  genera tors  and 
con t ro l  purposes. 
D r .  Houston and h i s  s tudents  have completed work on energy 
losses as soc ia t ed  w i t h  t h e  motion of magnetic f l u x  i n  indium, 
a "Type I"  superconductor. T h i s  work has now appeared i n  t h e  
Physical  Review. The d i s s i p a t i o n  due t o  motion of a l o c a l i z e d  
" f l u x  spo t "  through p l a t e s  of varying th ickness  was inves t iga ted .  
The r e s u l t s  have been in t e rp re t ed  i n  t e r m s  of a r ecen t  theory 
of viscous f l u x  motion due t o  J. Bardeen and M .  Stephen. (Phys. 
Rev. A140,1197 (1965) ) The losses i n  niobium ( a  "Type 11" 
m a t e r i a l )  under s i m i l a r  conditions are p resen t ly  being s tud ied .  
Experiments on t h e  A.  C .  losses i n  N b - Z r  superconductors 
have been described i n  previous reports. This work i s  now 
complete and has been published i n  Applied Physics Let ters .  
The magnetization curves and r e s i s t i v e  losses i n  N b - Z r  w i r e s  
have been measured as a funct ion of t h e  a l t e r n a t i n g  c u r r e n t  
flowing i n  t h e  w i r e  sample. The inf luence  of a l ong i tud ina l  
magnetic f i e l d  on t h e  losses h a s  been s tud ied ,  and it was shown 
t h a t  s u c h  f i e l d s  can s u b s t a n t i a l l y  reduce t h e  l o s s e s  and inc rease  
t h e  A.  C .  c r i t i c a l  cu r ren t .  
D r .  Rorschach and h i s  s tudents  have s tud ied  t h e  t rapping  
and expuls ion of  magnetic f l u x  i n  molybdenum. T h i s n a t e r i a l  




At temperatures below O.g°K, the usual Meissner effect (flux 
expulsion) is modified due to phenomena associated with the 
transfer of heat from the sample to the cooling bath of liquid 
helium 3. 
of the flux trapping and the time dependent effects associated 
with its escape in zone refined single crystals of high purity. 
A helium-3 cryostat has been used to obtain quite accurate data 
on the thermodynamic properties of superconducting Mo. 
nature of the phase-transition (form of the trapped flux and 
its rate of escape) has been studied as a function of the rate 
of variation of the external field. A good picture of the way 
superconductivity is destroyed has been found, but an adequate 
picture of the way the superconducting state is established and 
the mechanism of flux trapping is still lacking. 
trapping observed in Mo is novel for this type superconductor. 
Measurements are in progress to try to understand the form in 
which flux is trapped and its mechanism of escape as the external 
field is reduced. Additional specimens of Mo, as well as other 
superconductors, will be investigated. 
The object of this research is to study the dynamics 
The 
The flux 
The theoretical understanding of dissipative effects has 
been based mostly on rather crude models. 
description of superconductivity is based on the “Ginsburg-Landau 
equations.” 
(principally magnetic effects) and are in some sense simplifications 
of the complicated’microscopic equations and thus more suitable 
for engineering applications. 
so that they describe time-dependent effects (flux flow, 
dissipation, etc.) and the application to some simple practical 
The phenomenological 
These equations describe the electrodynamic properties 




cases are the objectives of some theoretical work being undertaken 
by Dr. Young, a research associate at Rice. The microscopic 
theory of superconductivity has been used to derive an appropriate 
form of the Ginsburg-Landau equations. The usual form of these 
equations has been modified so that they are valid over a wider 
range of temperatures and so thattime dependent effects may be 
treated. 
important time-varying effects, such as flux-flow (motion of 
The modified equations will be used to study some 
vortex lines in a superconductor). 
be used also to treat other transport properties. 
It is possible that they may 
D. Thermodynamics and Solid Surfaces - R. Kobayashi 
Staff: R. Kobayashi, Professor of Chemical Engineering 
J. L. Margrave, Professor of Chemistry 
R. B. McLellan, Assistant Professor of Mechanical Engr. 
T. A. Rabson, Associate Professor of Electrical Engr. 
1. Thermodynamic and Transport Measurements on Solids 
Professor McLellan and his students have studied the 
properties of solid solutions. The work is designed to obtain 
experimental values for the thermodynamic parameters of solute 
atoms in dilute solid solutions which can be compared with the 
predictions of various theoretical models. 
A theoretical model for dilute ternary solid solutions has 
been devised. This is a statistical model which explains the 
thermodynamic behavior of these solutions in terms of given 
interaction energies. 
extension of a whole body of previous statistical interaction 
theories which have been applied in the past to binary solid 
solutions. Thermodynamic data for iron-base solid solutions 
Thus it can be regarded as being an 
containing transition metal solutes substitutionally and carbon 
. 
a 
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interstitially have been analyzed in the light of this model. 
Very good agreement has been obtained. 
Apparatus has been built to measure the temperature 
dependence of the equilibrium between iron-carbon solid solutions 
and mixtures of H2 and CH4. 
yield the entropy and energy of a carbon atom. 
of fundamental importance, since it is the simplest thermodynamic 
parameter of the complex Fe-C system and has been a center of 
doubt for the last decade. Measurements have also been made of 
the temperature variation of the C-solubility of cobalt, nickel, 
platinum and palladium. 
atoms in these solutions have been found and the results compared 
to theoretical models. Theoretical work has also been done on 
refined models for interstitial solutions. 
The analysis of the results will 
The energy is 
The vibrational entropies of the C- 
Progress has been made on a mass flow apparatus for 
determining the diffusivity of interstitial elements in B.C.C. 
metals. The data are vitally important in view of the recent 
findings of the anomalous diffusivity of carbon in B.C.C. iron 
and chromium. Some previous data are available but they are 
mainly from elastic measurements and are very much open to 
question. 
Professor Kobayashi has continued the work on gas hydrates 
which was described in previous progress reports. Apparatus 
for the measurement of the occupation numbers of methane and 
ethane in their respective hydrates has been completed and pre- 
liminary results obtained. The measured occupation numbers have 
been compared with statistical mechanical calculations and good 
agreement has been found. 
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2. Interactions Between Gases and Solid Surfaces and the 
Structure of Solid Surfaces 
Professor Margrave's work on reaction mechanisms has 
continued to yield new chemical compounds. 
flight and mass spectrometer have been applied to studies of the 
rates and mechanisms by which gaseous molecules interact with 
solid surfaces in processes such as sublimation, vaporization and 
corrosion, over wide ranges of temperatures and pressures. Studies 
have been completed on several fluorides, oxyflourides, chlorides, 
oxides and sulfides. New gaseous compounds discovered were 
LiCo02, LiNi02, LiGaO, and LiInO. 
The Bendix time-of- 
Two new programs are under development. A time-resolved 
mass spectrometer for kinetic studies (e.g. reaction rates) 
has been designed and constructed. 
phases, such as the borides of tin, cadmium and the alkali 
metals, has been initiated and will be expanded during the next 
few months. 
The study of high-pressure 
Work with Professor Rabson on the mass spectrometric 
studies of laser vaporized surfaces is continuing. (See section B) 
Professor Kobayashi and his students have continued their 
development of perturbation gas chromatography for use in the 
investigation of gas-surface interactions (adsorption phenomenon). 
A new notion has been developed, that of the "hypothetical perfect 
gas perturbation," in which a series of perturbations (e.g. 
helium, neon, argon, etc.) is made in a chromatographic column to 
measure its free gas volume by energy extrapolation of the 
retention times or volumes to zero energy of interaction. This 
notion has been combined with experimental retention volume 




a. Accurate absolute and Gibbs adsorption isotherms 
have been measured for gases and their mixtures. 
b. The volume of the adsorbed phasebs been determined. 
c. The conditions, under which identity of gas-solid and 
gas-liquid equilibrium obtains between non-polar gases and 
sintered glass beads, have been determined. 
d. The interaction between unlike non-polar molecules 
adsorbed on sintered glass beads (polar surface) has been 
investigated and shown to lead to non-ideal mixture behavior. 
E. Thin-Film Properties - H. C. Bourne, Jr. 
Staff: H. C. Bourne, Jr., Professor of Electrical Engineering 
T. KUSUda, Visiting Associate Professor of Electrical Engr. 
M. L. Rudee, Assistant Professor of Materials Science 
Vacuum-evaporated magnetic films of thicknesses ranging 
from several hundred to several thousand angstroms and widths 
of the order of 1 cm have several interesting properties 
that suggest possible applications as computer memory or logic 
elements and as parametric device elements. In addition these 
thin films provide an almost unique vehicle for studying many 
magnetic phenomena not completely understood. 
When these films are deposited in the presence of a 
magnetic field or at oblique incidence and when the composition 
is nominally 80-20 Ni-Fe (nonmagnetostrictive), they exhibit a 
uniaxial anisotropy (the films exhibit an easy direction of 
magnetization). The energy involved is of such a magnitude 
that an externally applied field of 2 to 5 oersteds is necessary 
in order to rotate the magnetization in the hard direction. In 
addition, under sufficiently large switching fields and appropriate 
bias fields these films may be switched from one easy direction 
* 
* 
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t o  another  i n  a t i m e  of t h e  order  of 1 nanosecond. These 
c h a r a c t e r i s t i c s  a r e  c e r t a i n l y  of i n t e r e s t  i n  t h e  a p p l i c a t i o n s  
mentioned. 
Two b a s i c  aspec ts  a r e  i n  need of c l a r i f i c a t i o n .  The exac t  
o r i g i n  of t h e  u n i a x i a l  anisotropy i s  no t  completely known, and 
consequently t h e  magnitude, t h e  d i spe r s ion  i n  magnitude, and t h e  
d i spe r s ion  i n  angle  are n o t  e a s i l y  con t ro l l ed .  Fur ther  these 
f i l m s  u sua l ly  s w i t c h  by much s l o w e r  processes  than t h e  s i n g l e  
domain r o t a t i o n  of 1 nanosecond dura t ion  descr ibed above. The 
o v e r a l l  research goal  of t h i s  program i s  t o  understand t h e  s t a t i c  
and dynamic switching p rope r t i e s  of t h e s e  f i l m s  s u f f i c i e n t l y  
w e l l  t h a t  these p r o p e r t i e s  may be con t ro l l ed  by s t r u c t u r a l  and 
d r i v e  modif icat ions and t h a t  t h e i r  usefulness  i n  important 
a p p l i c a t i o n s  w i l l  be g r e a t l y  enhanced. 
To t h i s  end, three important mechanisms of f l u x  r e v e r s a l  
a s soc ia t ed  w i t h  t h e  propagatinn of domain boundaries have been 
i d e n t i f i e d .  
f e w  domain t i p s  p a r a l l e l  to  t h e  easy a x i s  followed by t h e  broadening 
of t h e s e  s t r i p e  domains by t ransverse  wa l l  motion. The second 
mechanism occurs when t h e  domain t i p s  form t w o  continuous 
zig-zag wa l l s  wh ich ,  moving long i tud ina l ly  p a r a l l e l  t o  t h e  easy 
a x i s ,  almost completely switch t h e  f i lm.  The process  proceeds 
wi th  v e l o c i t i e s  and mob i l i t i e s  an order of magnitude g r e a t e r  
than  t h e  c l a s s i c  wa l l  motion process .  
another  order  of magnitude f a s t e r  and proceeds by t h e  movement 
of a very f ine - s t ruc tu red  domain boundary i n  t h e  same manner a s  
t h e  zig-zag wa l l .  The switching t i m e s  involved a r e  those assoc ia ted  
w i t h  t h e  incoherent region, and, al though t h e  boundary may be j u s t  
The f irst  mechanism c o n s i s t s  of t h e  growth of r e l a t i v e l y  




a fine-structured zig-zag wall, the reason for the order of 
magnitude increase in speed is not understood. These mechanisms 
probably dominate in most practical thin film devices. 
The behavior of thin film magnetization has been studied 
under the action of a hard-axis pulse field. Under appropriate 
conditions this excitation results in total demagnetization of 
the film and a further oscillatory motion. This behavior is 
very detrimental to proper memory operation. Experimental data 
have been obtained preparatory to constructing a model which 
may give some clue to appropriate means of suppressing these 
phenomena. 
A second vacuum evaporatinn system has been put into 
operatinn which permits the rapid fabrication of thin films 
under varied conditions. Films have been deposited at temperatures 
ranging from 77OK to 4OO0C in order to initiate new studies of 
annealing effects on anisotropy, dispersion, and coercive force 
using the sensitive torque magnetometer. 
In addition, during this period, the capabilities for 
magnetic measurements have been extended by modifications which 
allow the anisotropy field, coercive force, and magnetic thickness 
of the films to be measured more accurately. In addition, the 
angular dispersion of magnetization about the easy axis can now 
be quantitatively determined. 
A concerted effort is in progress to measure the structural 
properties of permalloy films prepared by the "boat evaporation" 
technique and to relate these properties to variations in the 
evaporation conditions. The technique involves the melting and 
evaporation of a small quantity of permalloy from a large resistance 
c 
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heated tungsten boat: the evaporant is subsequently condensed 
onto glass substrates to form thin films. Very high deposition 
rates are obtained, often in excess of 2000a/sec.; a very fine 
grain size is caused by the high evaporation rates. Film thickness 
and average composition were found to be controlled by the 
kinetics of melting, wetting, and alloying of the charge with 
the boat and by deviations from Raoultian vapor pressures of Ni 
and Fe. Concentration gradients through the film thickness 
have been found as well, and are also the result of alloying 
and vapor pressure conditions. A semi-quantitative theoretical 
description of these observations has been developed. 
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